Introduction
Transition metal-containing polymers have received considerable attention in the past two decades due to their great potential in lithography, redox-active gels, molecular and ion recognition, liquid crystalline and supramolecular materials. [1] [2] [3] [4] [5] Hybrid materials or ceramics with porous structures can be generated by the emission of volatile species from cross-linked transition metal-containing polymers through moderate temperature pyrolysis (400-600 o C). It is evident that these hybrid materials or ceramics with incorporated transition metals exhibit not only improved optical, electrical, thermal and magnetic properties but also catalytic functionalities. [6] [7] [8] [9] Due to the above, transition metal-containing polymers are important precursors for the synthesis of metal-containing nanoparticles (NPs) if the polymerization and pyrolysis conditions are controlled. [10] [11] [12] In addition to the common cobalt (Co) and nickel (Ni)-containing NPs, various iron (Fe)-containing NPs [13] [14] [15] have also been proven to possess excellent magnetic, electrical and catalytic properties, where ferrocene 16 has been widely used as a precursor to synthesize carbon nanomaterials with Fe NPs. So far studies have been mainly focused on the pyrolysis of ferrocene-containing polymers like linear polyferrocenylsilanes (PFS), cross-linked
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and emerging applications. 22, 23 For example, spherical catalysts can be easily dispersed in the reaction solution and separated. In addition, spherical materials exhibit good mobility and high packing density that promote their use as the electrode materials. [24] [25] [26] In this work, we propose for the first time the functionalization of readily available polydivinylbenzene (PDVB) particles (from precipitation polymerization, with significant surface residual vinyl groups [27] [28] [29] ) by incorporating ferrocene to prepare ferrocene-containing polymer microspheres whose further pyrolysis can generate magnetic Si-C-Fe hybrid microspheres. This low-cost and recyclable magnetic material has been employed for the sustainable conversation of environmental pollutant 4-nitrophenol (4-NP) at room temperature. This is a critical reaction often chosen to evaluate the catalytic performance of metal nanoparticles, 30-32 since 4-NP has been a priority pollutant named by the U. S. Environmental Protection Agency due to its carcinogenic, anthropogenic and toxic nature and the target product
4-aminophenol (4-AP) is a chemical intermediate that is widely used in the synthesis
of analgesic drugs such as acetaminophen, photographic developers, corrosion inhibitors and dyes. 33, 34 Most research on catalytic reduction of 4-NP has focused on noble metallic nanoparticles such as Au, Pd, Pt and Ag. [35] [36] [37] [38] [39] [40] [41] [42] [43] The development of cheaper and efficient alternatives is always challenging.
Experimental

Materials
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Divinylbenzene (m-and p-mixture, stabilized with 4-tert-butylcatechol), China. Toluene was distilled freshly under reflux by sodium/benzophenone. PDVB microspheres were synthesized according to previous report. 44 Chlorodimethylsilane and ferrocene were used to synthesis 1, 1,-bis(dimethylsilyl)ferrocene as described previously. 45 
Synthesis and pyrolysis of ferrocene-modified PDVB microspheres
Under an argon (purity ≥ 99.999%) atmosphere, a dry flask was charged with PDVB microspheres (1 g), 1, 1'-bis(dimethylsilyl)ferrocene (4 g were obtained. Magnetic properties of the samples were investigated by a commercial magnetic property measurement system (Quantum Design Inc., San Diego, USA). The magnetic behavior as a function of constant applied field (from -10 kOe to 10 kOe) was recorded at 300 K. ICP-MS (inductively coupled plasma mass spectrometry) was conducted on an Agilent 7700ce (Agilent Technologies, Santa Clara, CA, USA) using the aqueous solution.
Characterization
Catalytic reduction of 4-nitrophenol (4-NP)
In a typical experiment, 2 mL of 4-NP aqueous solution (3 mM) was mixed with 10 mL fresh NaBH 4 solution (0.06 M). N 2 gas was then purged through the solution for Similarly, in the 29 Si NMR spectrum (Fig. 3) , it is evident that there are two types of silicon atoms. The first one, δ = −0.1 ppm, is correlated with Si-CH 2 from the 1, 1'-bis-(dimethylsilyl)ferrocene on the PDVB surface after hydrosilylation. The second one, δ = −19.8 ppm, can be assigned to the chemical shift of unreacted Si-H
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groups on the other side of 1, 1'-bis-(dimethylsilyl)ferrocene. These results further confirm that our hydrosilylation between vinyl groups on the surface of PDVB microspheres and 1,1'-bis(dimethylsilyl)ferrocene has a high regioselectivity, whereas it was reported in the literature that both α-and β-isomers might be obtained in other hydrosilylation systems. 54 This can be attributed to the remarkable steric hindrance of phenyl and ferrocenyl, which have unfavorable influences on attack between Pt colloid/R 3 SiH intermediate and methine carbon on double bonds. In addition, owing to the weak electron-withdrawing inductive effect of phenyl on double bonds, the electron density of methylene carbon is higher than that of methine carbon, which makes the latter easier for attack by an electrophile to form β-addition.
The surface characteristics of Fc-PDVB microspheres were evaluated by XPS analysis (Fig. 4) and the associated atomic composition can be found in Table 1 . All the silicon, carbon, oxygen and iron elements are evident on the surface. The Si 2p peak can be deconvoluted into the C-Si and C-Si-O peaks and the C1s peak can be deconvoluted into the C=C and C-C, C-O-H, and C=O peaks. The Fe 2p spectrum shows two peaks that can be assigned to Fe 2p3/2 and Fe 2p1/2 in the ferrocene unit, respectively. These are consistent with comparable systems reported in the literature. [55] [56] [57] The presence of oxygen on the surface of microspheres is mainly due to the moisture and O 2 absorbed by the samples before measurement. In summary, the FT-IR, 13 Raman spectroscopy as an efficient tool for the examination of the structure of free carbons was used to study the structural information of the free carbon in Si-C-Fe hybrid microspheres. The Raman spectra (see Fig. S1 (b) †) exhibit a broad absorption peak at 1355 cm -1 and a sharp one at 1580 cm -1 , corresponding to carbon vibration of the D and G bands, respectively. The former one is ascribed to sp 3 carbons while the latter originates from in-plane bond stretching of sp 2 carbon. 62 The strong absorption peak at 1580 cm -1 suggests the present of large number of sp 2 -bonded carbons in
Si-C-Fe hybrid microspheres.
Representative TEM images of Si-C-Fe hybrid microspheres are shown in Fig. 8 .
Compared with Fc-PDVB microspheres (Fig. 1b) , the size of the pyrolyzed samples 
Catalytic response
The reduction of 4-NP by NaBH 4 BH 4 − and ionized 4-NP (i.e., 4-nitrophenolate ions). 66 Su and coworkers have reported previously that pure carbon materials also exhibit catalytic activity in nitrobenzene reduction (by hydrazine hydrate) [71] [72] [73] We then considered whether the carbon components in our catalyst are active as there is a large amount of carbon in the Si-C-Fe hybrid microspheres according to the XPS and Raman results (see Fig. 7 and (prepared/treated in an inert Ar atmosphere). The same response was also observed over the Si-C hybrid materials (pyrolyzed product of silicon and acetylene polymer heated at 773 K, i.e., with no Fe) Fig. 11(a) shows the successive UV-Vis spectra of aqueous solutions containing 4-NP and NaBH 4 in the presence of Si-C-Fe hybrid microspheres. By adding a small amount (4 mg) of magnetic Si-C-Fe microspheres as catalyst, the absorption peak at 400 nm disappeared completely (i.e., 100% conversion, Fig. 11(b) ) in 5 min with a simultaneous increase in the characteristic peak of 4-AP. The appearance of a colorless solution (from yellow), indicated that only the conversion of 4-NP into 4-AP was achieved (i.e., 100% selectivity). 40, 67 Since NaBH 4 was used in excess, the reduction of 4-NP can be considered as a first order reaction and the following kinetics is applicable.
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where C t is the concentration of 4-NP at time t and k app is the apparent rate constant. 70 Moreover, the magnetic Si-C-Fe microspheres can be easily separated from the reaction system by an external magnet for reuse (see Fig. 11(b) ) and the recycled catalyst exhibited similar high activity in five successive cycles (see Fig. 11(d) ), demonstrating excellent reusability. These results suggest an interesting development in novel catalyst formulations for room and sub-ambient temperature pollution abatement.
In addition to the high surface area and well dispersed Fe 0 (as active sites 74 and and aromatic derivatives due to their π-character may make the reactants easily accessible to the active sites of noble metal. 75, 76 In order to confirm the presence of such interaction in our system, quantum chemical DFT calculations were carried out.
The optimized structures of 4-NP, sp 2 carbon domain and their mixture are shown in To ensure the general applicability of our catalyst in converting environmental pollutants into useful chemicals, a series of nitroarenes with different substituent groups were also considered. The results (see Table 4 ) illustrate that the Si-C-Fe hybrid microspheres exhibit efficient catalytic activity to selectively reduce nitroarenes with different functionalities, showing great potential as an alternative to the noble metal catalytic materials.
Conclusions
In summary, ferrocene-modified PDVB microspheres were successfully synthesized by the hydrosilation between the residual vinyl groups on the PDVB surface and 1, Fig. 2 The FT-IR spectra of ferrocene-modified PDVB microspheres (a), PDVB microspheres (b) and 1, 1'-bis-(dimethylsilyl)ferrocene (c). 
